2-by the acetate arms, when compared to the more rigid 1,3-adamantanedicarboxylate (ADC 2-), is also discussed. All three complexes are luminescent, with quantum yields of 0.06, 0.06, and 0.09 for 1, 2, and 3, respectively. The vibronic fine structure apparent on the emission spectra gives maxima positions typical of species in which the uranyl ion is chelated by three carboxylate groups.
INTRODUCTION
In contrast to the present development of studies of uranylorganic polymeric structures, [1] [2] [3] [4] those of uranyl-based closed species, such as rings, [5] [6] [7] cages, 7-13 nanospheres [14] [15] [16] [17] [18] [19] and nanotubes, 10, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] are much more fragmentary, apart from the family of peroxo-bridged clusters, which has been very thoroughly investigated. [15] [16] [17] [18] [19] The syntheses, structures and potential applications of such closed species, in particular those involving carboxylate ligands, have recently been reviewed. 4 Although a common pattern in uranyl carboxylate structures is that of honeycomb networks involving fused metallacyclic species, examples of isolated rings, or more properly metallacycles, in particular, are very rare, being limited to tri-and tetranuclear species with 2,3,4,5-tetrahydrofurantetracarboxylate, 5 hexanuclear ones with benzoate 6 and iminodiacetate 26 (the latter organized into nanotubular arrays), and a heterometallic uranylcopper(II) dodecanuclear complex with Kemp's tricarboxylate. 7 Apart from the choice of a ligand geometrically suitable to form a closed species 31 (notwithstanding that many such species are of a fairly unexpected nature), conditions promoting their formation need to be more closely investigated. Of particular interest is the exploration of factors, among which one expected to be of significance is that of ligand flexibility, [32] [33] [34] leading to the extension of closed monocyclic structures into threedimensional cages, such uranyl species, [7] [8] [9] [10] [11] [12] [13] again as yet rare, having potential applications as selective photocatalysts.
Recently, we have described a pseudo-cubic octanuclear uranyl cage complex with cis-1,2-cyclohexanedicarboxylate ligands obtained through use of PPh4 + and NH4 + counterions (the latter generated in situ) under solvo-hydrothermal conditions. 35 While an ammonium cation, held within the cage by hydrogen bonding, probably exerts a structuredirecting effect, it may be surmised that the PPh4 + cations are efficient as bulky separators preventing polymerization. In order to put this possibility to the test, we attempted similar syntheses using different polycarboxylic acids potentially able to form bridges with a geometry suitable to generate closed species. One of them, 1,3-adamantanediacetic acid (H2ADA), previously known to form various one-and twodimensional polymers based on fused cyclic structures with uranyl ions, 36, 37 proved to respond appropriately to these conditions in generating a tetranuclear uranyl cage. The synthesis, crystal structure and luminescence properties of three uranyl complexes obtained during this work are reported herein. Crystallography. Crystallographic data were collected at 150(2) K (1 and 2) or 100(2) K (3) on a Nonius Kappa-CCD area-detector diffractometer using graphitemonochromated Mo Kα radiation (λ = 0.71073 Å). 38 The crystals were introduced into glass capillaries with a protecting Paratone-N oil (Hampton Research) coating. The unit cell parameters were determined from ten frames, then refined on all data. The data (combinations of ϕ-and ω-scans with a minimum redundancy of 4 for 90% of the reflections) were processed with HKL2000. 39 Absorption effects were corrected empirically with the program SCALEPACK. 39 The structures were solved by intrinsic phasing with SHELXT, 40 and refined by full-matrix least-squares on F 2 with SHELXL-2014. 41 All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms of the ammonium cations were retrieved from difference Fourier maps in 1 and 2, while those in 3 and the carbon-bound hydrogen atoms in all compounds were introduced at calculated positions; the hydrogen atoms of the water molecule in 3 were not found; all hydrogen atoms were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom (1.5 for CH3, with optimized geometry). In 1 and 2, large voids in the lattice indicate the presence of solvent molecules (probably water and possibly also acetonitrile) which could not be resolved, and SQUEEZE (PLATON) 42 was used to take into account the contribution of these disordered solvent molecules. As indicated by elemental analysis results, this solvent is largely lost when the crystals are dried using a water aspirator. The drawings were made with ORTEP-3/POV-Ray 43 and VESTA. Luminescence measurements. Steady-state emission spectra were recorded on a Horiba Jobin−Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W xenon arc lamp, double-grating excitation and emission monochromator (2.1 nm mm −1 of dispersion; 1200 grooves mm −1 ), and a TBX-04 single photon-counting detector. Emission and excitation spectra were corrected for source intensity (lamp and grating) and emission spectral response (detector and grating) by standard correction curves. The quantum yield measurements were performed by using an absolute photoluminescence quantum yield spectrometer Hamamatsu Quantaurus C11347, exciting the sample between 300 and 400 nm.
EXPERIMENTAL SECTION

Synthesis
RESULTS AND DISCUSSION
Synthesis. The possible role of a cosolvent as a chemical reagent in solvothermal syntheses is once more nicely illustrated in the present system. It is clear that both acetonitrile and dimethylformamide undergo hydrolysis (possibly catalysed by uranyl ion) under the reaction conditions, as previously observed, 13, 35 here providing cations which can both be incorporated into distinct crystalline solids, although with a solubility difference favouring ammonium over dimethylammonium. The presence of large phosphonium cations appears to be essential for the formation of a lattice incorporating the closed metallatricycle, their mulitple weak interactions resulting, along with hydrogen bonding to the ammonium ion (see below), in the effective isolation of the tricycle and prevention of a higher degree of uranyl/carboxylate oligomerization.
Crystal
Structures. These two ligands and atoms U1 and U2 form a 20-membered dinuclear metallacycle in which the uranyl equatorial planes are strongly tilted with respect to the average ring plane, the distance between the oxo groups directed inwards being 3.026(4) Å in 1 and 3.596(7) Å in 2. The shape of the third ligand in 1 and 2 is different from that of the other two, with one of the carboxylate groups rotated so as to be directed sideways, the two coordination sites being thus divergent. Two of these ligands bridge two dinuclear 20-membered metallacycle units to form a tetranuclear complex involving an additional 40-membered ring. The four uranium ions define a parallelogram with side lengths of 6.1851(3) and 11.1265(4) Å in 1 and 6.7346(4) and 11.0807(5) Å in 2. The U2···U1···U2 i angles are 109.393(3) and 115.464(4)°, and the U1···U2···U1 i angles are 70.607(3) and 64.536(4)° in 1 and 2, respectively. Although the overall geometry is the same in both complexes, these differences in distances and angles show that the system is sufficiently flexible to allow for some counterion-induced variations. The 20-membered metallacycle is very similar to that found in the onedimensional (1D) polymeric chains in the lattice of [UO2(ADA)(H2O)], but that in [UO2(ADA)(NMP)] (NMP = N-methyl-2-pyrrolidone), with otherwise similar 1D chains, is more elongated due to the divergent orientation of the carboxylate groups, 36 as is also the case for the similar chain found in [(UO2)2(ADA)2(HCO2H)2]·CB6·6H2O (CB6 = cucurbit [6] uril). 37 With respect to 1,3-adamantanedicarboxylate (ADC 2-), 37, 45, 46 the insertion of a C-C bond between the adamantyl and carboxylate units allows a degree of conformational freedom which is reflected in the different conformations observed in these complexes.
Significantly, the ring found in [UO2(ADA)(H2O)] is reinforced by reciprocal intra-ring hydrogen bonding of coordinated water and uranyl oxo units, resulting in a U···U separation across the ring of 5.3016(4) Å, smaller than in 1 and 2, compared to 10.8228(5) Å in the ring of [UO2(ADA)(NMP)] and 10.7598(5) Å in that of [(UO2)2(ADA)2(HCO2H)2]· CB6·6H2O. The tetra-anionic cluster in 1 and 2 thus appears to be built from two (UO2)2(ADA)2 neutral rings linked by two more ADA 2-anions making a third, central ring (although one which has two possible terminations on either side). When viewed with the U4 plane edge-on, the anion displays a dumbbell shape, the smallest rings defining a cleft on each side. In its uranyl ion complexes, the ADA 2-anion is known to display a preference for divergent ligation, and this is largely true in its metal ion complexes more generally, as appears from the structures reported in the Cambridge Structural Database (Version 5.38), 47 but cases of convergent bridging leading to formation of 2:2 metallacyclic subunits in addition to that of [UO2(ADA)(H2O)] noted above are known, for example in cobalt(II), zinc(II) or cadmium(II) chemistry. [48] [49] [50] Metallacycles can also be generated with a more divergent form of this ligand. 51 The convergent form of ADA 2-found in the 20-membered metallacycles of 1 and 2 is associated with multiple hydrogen bonding interactions involving the ammonium cations, reflected again in the relatively short intra-annular U···U separations. The ammonium ions are held above the centre of each dinuclear ring by three hydrogen bonds with carboxylate groups [N⋅⋅⋅O distances 2.796(8)-3.006(8) Å, H⋅⋅⋅O 1.98-2.29 Å, N-H⋅⋅⋅O angles 119-169°], and they make a fourth hydrogen bond with a carboxylate group of a neighbouring unit, so that hydrogen bonded two-dimensional (2D) networks parallel to (1 0 0) are formed (Figures 3 and 4) . These sheets assume slightly different shapes in 1 and 2, the views down the c axis showing more pronounced corrugation in the latter. In both, some of the adamantyl groups and aromatic rings are pointing outwards. The PPh4 + or PPh3Me + counterions are located within the clefts on both sides of the complex, with either three aromatic rings or two rings and the methyl group pointing inwards (Figures 1 and 2) . Besides electrostatic interactions, the counterions in 1 may be involved in two weak CH···π interactions involving protons from the adamantyl groups ( Figures 5 and S2) , the other interactions being no stronger than dispersion. Although PPh4 + and PPh3Me + cations are known to readily assemble with one another through 'phenyl embraces', 57 a close phosphonium pair is only observed in 1, where, aside from dispersion, there appears to be only a single, reciprocal CH···C interaction between cations with a P···P separation of 7.019(2) Å. This interaction may in part explain the lesser penetration of the phosphonium cations into the clefts in 1 when compared to 2, reflected in P···P separations across the large ring of 10.345(2) and 9.418(5) Å, respectively.
It thus appears that counterions are associated with each ring of the complex: one ammonium cation with each of the (UO2)2(ADA)2 lateral rings, and two PPh4 + or PPh3Me + cations with the clefts supported by the central ring, thus generating a globular neutral moiety. This is indicative of the structure-directing role possibly played by these cations. It is notable that NH4 + cations have also been found to be held through multiple hydrogen bonding within uranylcontaining nanotubules formed with tricarballylate ligands, 30 and octanuclear cages with cis-1,2-cyclohexanedicarboxylate. 35 Its small size and high assembling power through directional hydrogen bonding make this cation an ideal structure-directing agent in cases in which, as here and in the species cited above, a close arrangement of acceptor carboxylate groups is desired. In contrast, the large PPh4 + or PPh3Me + cations interact with the anion essentially through weaker CH···O hydrogen bonds, apart from coulombic interactions, and their effects are probably predominantly due to their size and shape, the most efficient packing being that associating cation and cleft.
The essential role played by the NH4 + cations in the formation of the molecular cluster in 1 and 2 is further confirmed by the crystal structure of the complex (Figure 6 ). This connectivity results in the formation of a 2D coordination polymer parallel to (0 0 1), which has the point (Schläfli) symbol {6 3 } and the honeycomb (hcb) topological type, however very distorted. The 60-membered metallacyclic rings are very elongated, with a length of ∼25 Å, and the adamantyl groups pointing inwards leave virtually no free space. The layers are undulating and the PPh3Me + cations are located in the interlayer spaces ( Figure S3 ). The H2NMe2 + cation is hydrogen bonded to one carboxylate oxygen atom and to a water molecule (the latter possibly making a link with the neighbouring layer), so that it does not appear to have a role in bringing ligand units into close proximity. Although the PPh3Me + cations lie in pairs with a P···P distance of 9.076(2) Å, they do not appear to be involved in mutual interactions beyond dispersion and are principally involved in CH···O interactions with the polymer, involving either the methyl or the aromatic groups as donors and carboxylate groups as acceptors, with C···O distances in the range of 3.267 (4) Considering the general context of the structures of complexes 1 and 2, it must be noted that neither PPh4 + nor PPh3Me + give coordination cages of uranyl ion with cyclohexanedicarboxylates when they are the only additional cations present, 60 and that their association with NH4 + again appears to be necessary to generate cages in their presence, as in the case of cis-1,2-cyclohexanedicarboxylate. 35 It may even be that the presence of a species able to provide at least three hydrogen bonds, as observed here, is important, as PPh4 + and H2NMe2 + together with uranyl ion and trans-1,2-cyclohexanedicarboxylate provide only what can be regarded as a precursor to a cage species. 60 Of the many factors which determine the nature of a metal ion coordination complex, "flexibility" of the ligand is an important but multi-faceted influence. [32] [33] [34] Bridging by a ligand can result in the formation of coordination polymers as well as the formation of closed oligonuclear species, notably in the case of the uranyl ion, 4 and the latter have long attracted interest as the possible source of cavities suited to selective guest inclusion and reactions. Uranyl ion provides a relatively novel species upon which formation of cavitycontaining clusters might be based and indeed rather few examples involving carboxylate ligands are presently known. 4, 35 In polycarboxylates such as that used here, it is possible for the carboxylate units to display different bonding modes, and thus it is unsurprising to find that the structural chemistry of uranyl polycarboxylates shows great variability. [1] [2] [3] [4] One means of limiting this variability is to attach the carboxylate units to scaffolds with little or no conformational freedom, thus enabling effects associated with just the bonding modes and rotational freedom of the carboxylate units to be identified with some certainty. To this end, we have explored the complexation by uranyl ion of a number of polycarboxylate derivatives of cyclohexane 12, 13, 28, 35, 58 and adamantane. 36, 37, 46 The case of 1,3-adamantanedicarboxylate (ADC 2-) 37, 46 is interesting in that the particularly rigid scaffold limits any rotational freedom to that of the C-CO2 -bonds and ensures that regardless of their rotameric form the ligand must still be regarded as bent and potentially able to form closed species. On the basis of the known structures of uranyl ion complexes of this ligand, it appears that the protons of the methylene group linking the two carboxylate-substituted centres have little influence on rotation about the C-CO2 -bonds, since the nearest C-O bonds adopt orientations which in some cases are essentially parallel to the axial and in others to the equatorial C-H bond, while in yet others there is no projection of one vector on the other. They may, however, inhibit any approach of one or two uranyl ions to two oxygen atoms of separate carboxylate groups in conformations where these donors are as close as possible, as it is observed that the ligand does not function as a simple chelate of a single uranium, nor does it form a bridge using the closer oxygen atoms. A common feature is the presence of fused metallacyclic units where a relatively small 8-membered ring is formed by two carboxylate groups of separate ligands bridging uranyl centres in a µ2-κ 1 O:κ 1 Oʹ manner and a larger 16-membered ring is formed by unsymmetrical bridging by ligand units where one carboxylate chelates uranium (κ 2 O,Oʹ) and the other binds through a single oxygen. The smaller ring is close to planar in all cases but the larger shows a variable degree of buckling consistent with an approach to the formation of a cavity-containing structure ( Figure S4 ). Despite some variety, it is clear that ADC 2- functions exclusively as a bridging ligand and that while it could be considered as a bent donor capable of forming closed coordination structures, such as have been observed in uranyl ion complexes of 1,2-cyclohexanedicarboxylates, for example, 12, 13, 35 there is no apparent tendency for it to do so.
An incremental change in ligand flexibility, essentially free rotation about a new C-C bond, is associated with progress from ADC 2-to ADA 2-. Its consequences are readily seen when the ligand donor atom arrays seen in the former ( Figure S5 ) are compared with those in known uranyl ion complexes of the latter, including the present ones ( Figure  S6 ). There are cases of close similarity and both can provide donor atom arrays suited to the formation of monocyclic entities ( Figure S7) + cations, there is progession towards a 3D, cavity-containing array. This effect of a second cation is of interest not only because it appears to be related to hydrogen bonding interactions but also because it occurs with a cation which, unlike many metal cations, does not quench luminescence of uranyl ion, a favourable occurrence in relation to the objective of obtaining uranyl coordination cages of potential use as photocatalysts.
Luminescence Properties. Emission spectra under excitation at a wavelength of 420 nm were recorded in the solid state for all compounds 1-3 ( Figure 7) . The intense and well-resolved spectra are nearly superimposable, and they display the usual vibronic fine structure corresponding to the S11 → S00 and S10 → S0ν (ν = 0-4) electronic transitions. 61 The five main peaks are centered at 465, 482, 502, 524, and 547 nm, these values being typical of compounds containing uranyl cations chelated by three carboxylate groups 58 (the peaks for complexes with five equatorial donors being red-shifted). Solid state photoluminescence quantum yields (PLQYs) of 0.06, 0.06, and 0.09 (with a standard deviation of ca ±2.5%) were measured for compounds 1, 2 and 3, respectively, these values being comparable to those of 0.06 and 0.13 measured in a uranyl octanuclear cage complex with cis-1,2-cyclohexanedicarboxylate 35 and a two-dimensional assembly with trans-1,4-cyclohexanedicarboxylate, 60 respectively. The two discrete complexes 1 and 2, only differing by a small change in the counter cation, feature, as expected, the same PLQY. The PLQYs for the polymeric species appear to be slightly larger than those for discrete clusters, which may be due to the longer U·· ·U distances in the former, the shortest distances being 6.1851(3) Å in 1, 6.7346(4) Å in 2, 7.6138(3) Å in 3, 5.3669(6) Å in the previous octanuclear cage, 35 and 7 .8239(4) Å in the previous 2D network. 60 However, additional measurements on more extended and diverse series of compounds are obviously needed before any definite conclusion can be drawn. 
CONCLUSIONS
The metallatricycle species 1 and 2 described herein add to the family of coordination cages incorporating uranyl ion and although they are like some others in that half the uranyl oxo groups, potentially sites for hydrogen bonding to guests, are directed towards the interior of the cage, here they form two groups rather than being directed to a single central point. These essentially identical metallatricycles are therefore best described as a ditopic cage with binding sites separated by just over 9 Å and suited perhaps to the binding of diammonium guests. There appears to be a role for multiple hydrogen bonding in inducing a flexible ligand to adopt a conformation suited to the formation of closed structures but this can be only part of the story in relation to the metallatricycle characterized in the present work, as two ligand units within this tricycle adopt a conformation with divergent orientation of the carboxylate donors, and interactions with the large phosphonium cations must be a factor favouring the formation of a closed species rather than a polymer. The phosphonium cations in the lattices of both complexes 1 and 2 block access to the cage cavity and it remains to be established whether a solvent in which the complex is soluble can be found and whether the cage form would be retained in solution, without blockage of the two clefts by the PPh4 + or PPh3Me + cations, so as to possibly enabling other guests to enter.
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